Abstract Ion implantation is a versatile and powerful technique for producing nanocrystal precipitates embedded in the near-surface region of materials. Radiation effects that occur during the implantation process can lead to complex microstructures and particle size distributions, and in the present work, we focus on the application of these effects to produce novel microstructural properties for insulating or semiconducting nanocrystals formed in optical host materials. Nanocrystal precipitates can be produced in two ways: by irradiation of pure (i.e., non-implanted) crystalline or amorphous materials, or by ion implantation followed by either thermal annealing or subsequent additional irradiation. Different methods for the formation of novel structural relationships between embedded nanocrystals and their hosts have been developed, and the results presented here demonstrate the general flexibility of ion implantation and irradiation techniques for producing unique near-surface nanocomposite microstructures in irradiated host materials.
Introduction
The use of nanocrystalline materials based on their optical properties can be traced back to at least 1685 when Andreas Cassius produced a glass with an unusual color called "the purple of Cassius", subsequently to become known as "gold-ruby" glass. This example of colored glass was created by adding small quantities of gold to the glass frit during melting, followed by a careful annealing process. In 1857, Michael Faraday correctly attributed the characteristic red color of gold ruby glass to the presence of finely dispersed nanocrystalline particles of gold [1] . In 1908, Gustav Mie developed the theoretical explanation of the process by which light is scattered from small particles [2] giving rise to the characteristic color of gold-ruby glass and of other glasses containing nanophase precipitates.
More recently, new and useful optical and electronic effects associated with metal, semiconductor, and oxide nanocrystals have been discovered. For example, high concentrations of metal nanoparticles in a transparent host can be used to obtain large third-order optical nonlinearities with potential applications in integrated optical devices. Semiconductor nanocrystals have been found to exhibit a number of size-dependent opto-electronic effects. Specifically, the energy of the bandgap can be modified in sufficiently small particles due to the quantum confinement of excitons. These modifications can lead to relatively large blueshifts in the absorption and photoluminescence spectra. Semiconductor nanocrystals are, in fact, already beginning to find applications as dyes and optical sensors [3, 4] .
Ion implantation is a technique that has recently attracted a high level of interest as a versatile method of forming a wide variety of nanocrystal compositions in effectively any host material. In the particular case of metallic nanoparticles, ion implantation offers the advantage that a much higher local concentration of nanocrystal precipitates can be achieved than those produced, for example, in bulk glass by more traditional approaches, leading to enhanced third-order optical nonlinearity effects. On the other hand, ion implantation, by its very nature, produces significant radiation effects in the host material. These effects can lead to unusual microstructures or large size dispersions of embedded nanocrystal precipitates. While these effects are often considered to be undesirable, particularly if the nanoparticle-induced optical effects depend on the size or microstructure of the precipitates, the unusual or unexpected microstructures that form as a result of irradiation may actually be exploited and find use in future generations of optical devices.
The present work is directed toward investigations of the effects of irradiation on the formation of nanocrystal precipitates, and on the unique microstructures that can be formed by this approach. The objective of this work is approached in two ways: First, we examine various phases that could potentially to be used for the formation of nanocrystals by direct ion irradiation -that is, without any significant change in the local chemistry of the system due to the introduction of the implanted ions. In this regard, both zircon (ZrSiO 4 ) and its isostructural phosphate analogue pretulite (ScPO 4 ) were investigated. Zircon has been shown to decompose at elevated temperatures to a liquid SiO 2 phase plus a crystalline metal oxide [5] . This suggests that pure zircon could, in principle, be used to form nanocrystalline metal oxide composites by direct high-temperature ion irradiation. An additional motivation for the study of radiation effects in ZrSiO 4 derives from the traditional importance of zircon in U-Pb geochronology [e.g., see Refs. 6, 7] and from its more recent potential application as a storage or disposal medium for weapons-grade plutonium [8] [9] [10] . Second, we investigate the effects of irradiation on the microstructure of nanocrystals already formed by ion implantation. Unusual and unexpected microstructures for nanocrystals subjected to further ion bombardment are, in fact, found to be the rule rather than the exception. Appropriate selection of the implantation/irradiation conditions can, however, be used to simplify the near-surface nanocomposite microstructural properties or to intentionally produce novel microstructures with potential future applications in optical and other devices. [13] [14] [15] [16] have been shown to be effective methods for synthesizing nanocrystalline materials. The present work, however, focuses on the microstructure of nanocrystal-host systems formed either by ion implantation and thermal processing or directly by the irradiation of a suitable single-crystal phase. The synthesis of nanocrystals by ion implantation offers the important advantage of experimental flexibility over the other methods cited above, and the number of possible nanocrystal -host compositions that are accessible to ion-beam methods seems essentially unlimited. During the last decade, several research groups have used ion implantation to synthesize both metallic and semiconductor nanocrystals. In this way, discrete single-element nanoparticles of Cu [17, 18] [45, 46] . This list is not meant to be exhaustive, but is meant to give a feel for the versatility of the ion implantation technique to produce a large number of particle compositions. The number of reported studies of nanocrystals formed by implantation techniques is growing rapidly. In fact, many major materialsor irradiation-related conferences presently include entire symposia devoted to the formation of nanocrystals by ion implantation techniques.
Relation to previous work
Ion irradiation methods that do not involve significant implantation-produced chemical modifications have been less extensively investigated as a method for the formation of nanocrystals. The fact that new phases can form during the irradiation of metals and alloys has been known and documented for several decades [e.g., see Ref. 47] , and in the earth sciences, mineralogists have observed the occurrence of nanocrystalline monoclinic ZrO 2 in natural radiation-damaged zircon that contains uranium and thorium [e.g., see Refs. 48, 49] . Irradiation of doped glasses may also lead to precipitate growth [50] [51] [52] [53] , and in this case, ionization-energy-loss processes are deemed responsible for the growth of the particles. Recently, researchers have investigated the formation of gold nanocrystals due to the ion irradiation of a preimplanted host material [54] . In this case, the optical host is first implanted with gold at low temperatures so that the implanted material remains in solution in the near-surface region. The sample is subsequently irradiated by high-energy ions that pass through the preimplanted region, causing the nucleation and growth of the gold particles.
The present work represents a systematic transmission electron microscope (TEM)-based study of the effects of irradiation on the formation of nanocrystals in either pre-implanted or directly irradiated materials. While the fact that ion implantation can be used to synthesize a large number of nanocrystal compositions is well established, the effects that the subsequent implantation can have on the resulting microstructures and size distributions are less well known. The present work shows how the effects of ion irradiation can, in fact, be used to good advantage in the formation of novel nanocrystal microstructures and nanocrystal-host structural relationships.
Experimental
The single-crystals of ZrSiO 4 and ScPO 4 investigated here were synthesized using a high-temperature-solution (flux) technique [55, 56] . The high-purity SiO 2 glass samples and [100]-oriented single crystal Si wafers were obtained commercially. TEM specimens for in-situ ion irradiations were prepared by conventional thinning methods [57] . The direct irradiation experiments were carried out using the HVEM-Tandem Facility at Argonne National
